Abstract. The calcitonin receptor (CTR) and receptor activator of nuclear factor κB ligand (RANKL) have been found to be involved in the differentiation of osteoclasts. The association between the RANKL:osteoprotegerin (OPG) expression ratio and the pathogenesis of bone-destructive rheumatoid arthritis (RA) has been described in several joints, but the available data for the temporomandibular joint (TMJ) are limited. The aim of the present study was to investigate the involvement of osteoclasts at sites of bone erosion by determining the CTR expression and the RANKL:OPG expression ratio in the TMJ in a collagen-induced arthritis (CIA) model. Forty-eight male Wistar rats were randomly divided into two groups: Control group, injected with saline solution for 6 weeks; and CIA group, injected with emulsion. The RANKL and OPG mRNA expression was significantly increased in immunized rats compared with that in non-immunized rats. The RANKL:OPG expression ratio on the trabecular bone surface was 9.0 and 6.4 in the CIA group at weeks 4 and 6, respectively, while the RANKL:OPG expression ratio in the controls was 1.0:2. CTR mRNA expression was significantly upregulated in immunized rats compared with that in non-immunized rats; the level of CTR mRNA in the CTR-positive osteoclasts on the trabecular bone surface was 10.9-and 7.8-fold higher in the CIA rats than that in the control rats at weeks 4 and 6, respectively. In conclusion, focal bone destruction in an experimental model of arthritis in the TMJ can be attributed to cells expressing CTR, a defining feature of osteoclasts. The expression of RANKL and OPG mRNA within the inflamed synovium provides an insight into the mechanism of osteoclast differentiation and function at the border of bone erosion in arthritis.
Introduction
Rheumatoid arthritis (RA) is a chronic systemic disease that leads to inflammation and tissue damage in joints and is characterized by symmetrical joint alteration; however, the etiology of the condition has yet to be fully elucidated. The temporomandibular joint (TMJ) is known to be frequently affected by RA (1, 2) , with reported frequencies of TMJ involvement varying between 2 and 86% (2, 3) . TMJs afflicted with RA may be associated with pain, swelling, crepitation, stiffness on opening the mouth and limitation of movement (4) . The initial changes that can be observed in the degenerating TMJ are proteoglycan degradation and softening in the fibrocartilage of the condylar and articular eminence (5) . Severe destruction of the cortical and subcortical bone can ultimately lead to almost complete loss of the condyle. These changes are followed by the exposure of subchondral bone and bone resorption by osteoclasts (6) .
Osteoclasts are multinucleated cells responsible for bone resorption. The identification and quantification of osteoclasts, as well as their development in osteoclastogenic clusters and bone, require cell markers that are specific to this type of cell; therefore, tartrate-resistant acid phosphatase (TRAP), the vitronectin receptor (VNR) and the calcitonin receptor (CTR) are frequently utilized in osteoclast identification (7) . The expression of TRAP and VNR, however, can be observed prior to the expression of CTR and indicates the presence of cells at an intermediate stage of differentiation (8) . Furthermore, TRAP and VNR are expressed by macrophages, which can cause complications in long-term bone marrow cultures in which both osteoclasts and macrophage polykaryons are formed. As a result of the issues associated with these phenotypic markers, the determination of CTR expression is currently considered to be the only approach suitable for providing both proof of the presence of osteoclasts and the quantitative data associated with these osteoclasts (9) . Furthermore, the identification of mononuclear osteoclasts is, at present, only possible through the detection of cells expressing CTR (8) . Although the CTR is known to play a role in bone resorption in other joints (10) , the importance of its role in the TMJ arthritis model has not yet been elucidated.
Bone remodeling is one of the main metabolic activities necessary for maintaining the normal structure and function of bones. Osteoclasts play an important role in these processes; osteoprotegerin (OPG), receptor activator of nuclear factor-κB (RANK), and RANK ligand (RANKL) co-regulate the functions of osteoclasts. Osteoclastic bone destruction is induced by RANKL, while OPG acts as a decoy receptor and prevents RANKL binding to RANK, its receptor, thus limiting bone destruction. The activity of osteoclasts is likely to depend, at least partially, on the relative balance existing between RANKL and OPG expression, and studies have suggested the involvement of RANKL and OPG in the pathogenesis of RA (11, 12) . An increase in the RANKL:OPG expression ratio in the microenvironment of a joint with RA suggests a major role of the RANKL-OPG pathway in RA pathogenesis, as it has the potential to induce osteoclastogenesis (13) .
The RANKL:OPG expression ratio in the local bone microenvironment determines the direction of osteoclast differentiation. Only CTR expression unambiguously identifies osteoclasts and distinguishes them from macrophage polykaryons. Several studies have described the involvement of the CTR and the RANKL:OPG expression ratio in the pathogenesis of bone-destructive RA in other joints (14) (15) (16) , but the available data for their role in the TMJ are limited. The aim of the present study, therefore, was to investigate the involvement of osteoclasts at sites of bone erosion using the osteoclast-specific marker CTR expression and to determine the RANKL:OPG expression ratio in the TMJ.
Materials and methods

Animals.
A total of 48 male Wistar rats (Laboratory Animal Center of Jilin University, Changchun, China) aged ~5 weeks and weighing 105-135 g, were included in this study. All experimental procedures complied with the requirements of the Animal Care and Use Committee of Laboratory Animal Center of Jilin University. All rats were allowed to adapt to the facilities for one week and were then randomly separated into two groups with 24 individuals: i) Control group (healthy subjects), and ii) collagen-induced arthritis (CIA) group.
Induction of CIA. The induction of arthritis was performed as previously described (17) . Briefly, the CIA model was established by intradermally injecting the rats at the base of the TMJ with 100 µl of an emulsion that contained 100 µg bovine type II collagen (2 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.05 M acetic acid and an equal volume of complete Freund's adjuvant. Following confirmation of the establishment of mononuclear cell infiltration, synovial lining and villous hyperplasia and pannus formation, the unilateral intra-articular injection of emulsion into the TMJ was performed. Saline was injected into the contralateral joint as sham induction.
Hematoxylin and eosin (HE) staining. The animals were sacrificed using an overdose of sodium pentobarbital (Nembutal ® ; Abbott Laboratories, Abbott Park, IL, USA). Six rats were sacrificed at 0, 2, 4 and 6 weeks after the induction of arthritis. Bilateral samples of the TMJ were collected, fixed in 4% paraformaldehyde for 24 h, decalcified with EDTA solution (10%) and embedded in paraffin. Sagittal sections measuring 4 mm were cut in series, and HE was used to stain every 10th section. Adjacent sections to those used for HE staining were used for immunohistochemical analysis. Endogenous peroxidase activity was terminated using 3% H 2 O 2 in methanol, and the sections were then incubated overnight with primary antibodies: 10 mg/ml goat anti-rabbit interleukin (IL)-1β or 5 mg/ml sheep anti-rabbit IL-1 receptor antagonist at 4˚C (18) . For the negative control, normal rabbit IgG (CST Biological Reagents Company Ltd., Shanghai, China) was used as the primary antibody. Following incubation with the primary antibody, the sections were incubated for 30 min in 5 mg/ml biotinylated rabbit anti-goat or anti-sheep IgG (Vector Laboratories, Burlingame, CA, USA) and then for a further 30 min using an Elite ABC ® kit (Vector Laboratories). Diaminobenzidine (DAB Reagent Set; KPL, Inc., Gaithersburg, MD, USA) was used as a chromogen, and the sections were counterstained with HE. In addition, TRAP was detected in the paraffinized tissue sections using a commercial acid phosphatase leukocyte kit (Sigma-Aldrich).
Enzyme-linked immunosorbent assay (ELISA).
Serum concentrations of tumor necrosis factor-α (TNF-α) and IL-1β were measured by ELISA as previously described (19) . Blood samples were collected by cardiac puncture at 0, 2, 4 and 6 weeks, and the serum concentrations of TNF-α and IL-1β were measured using rat TNF-α and IL-1β double-antibody sandwich ELISA kits (Endogen, Inc., Cambridge, MA, USA), in accordance with the manufacturer's instructions. The mean of three assays was used in the analysis.
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated from the synovial membrane of the TMJ using TRIzol ® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The RT-PCR was conducted in accordance with a previously described method (20) .
The primers used in this study are listed in Table I . The PCR consisted of denaturation at 94˚C for 1 min (RANKL), 95˚C for 40 sec (OPG and β-actin) or 94˚C for 40 sec (GAPDH and CTR), followed by annealing at 58˚C for 1 min (RANKL), 60˚C for 1 min (OPG and GAPDH) or 60˚C for 1 min (CTR and β-actin) for 30, 28 and 30 cycles, respectively, with a final extension step at 72˚C for 10 min. The reproducibility of the RT-PCR results was ensured by repeating each experiment three times. A sample of PCR-amplified product (6 µl) was subjected to 2% agarose gel electrophoresis for quantification, and the bands were visualized using ethidium bromide. The RANKL:β-actin, OPG:β-actin and CTR:GAPDH ratios were calculated for each lane and used to compare the mRNA expression of RANKL, OPG and CTR at different time-points.
Statistical analysis. Statistical analysis was conducted using SPSS software for Windows (version 11.5; SPSS, Inc., Chicago, IL, USA). All data are presented as the mean ± standard error of the mean. Differences between groups were analyzed using two-way analysis of variance, and P<0.05 was considered to indicate a statistically significant difference.
Results
Histological examination of joints with CIA. HE staining of TMJs in the CIA group showed severe synovitis, including destruction of the cartilage and bone by pannus tissue, which consisted of a hyperplastic synovium with fibroblast-like cells, multiple polymorphonuclear leucocytes and a limited number of mononuclear lymphocytes. Areas of severe synovitis exhibited lining cell hypertrophy and the invasion of spindle-shaped synovial cells into the stromal sublining. Furthermore, the proliferation of spindle-shaped fibroblast-like cells and inflammatory cell infiltration were noted in the pannus tissue on the articular surface, and multiple TRAP-positive, mature, multinucleated osteoclasts were observed, predominantly on the eroded surface of the bone (Figs. 1-3) . Table II , the serum levels of TNF-α in the collagen-induced joints were significantly increased compared with those in the control joints. The 2-week period after the induction of arthritis is considered to be the acute stage of the response. Table III shows that the serum levels of IL-1β in the collagen-induced joints were significantly increased compared with those in the control joints. The serum levels of IL-1β and TNF-α peaked 4 weeks after the induction of arthritis.
Analysis of TNF-α and IL-1β. As shown in
Expression of RANKL, OPG, and CTR mRNA in rheumatoid pannus tissue. The mRNA expression of genes associated with osteoclastogenesis in the synovium was investigated using RT-PCR; the expression of the genes was confirmed by the presence of specific single bands. The results demonstrated that RANKL and OPG mRNA expression in the rat CIA model was significantly increased compared with that in the non-immunized rats (Figs. 4 and 5) . The mRNA expression levels of RANKL peaked 4 weeks after immunization, and at weeks 2 and 6 were significantly higher than levels in the synovium of non-immunized rats. Mirroring the increase in the number of osteoclasts, the RANKL:OPG expression ratio on the trabecular bone surface increased to 9.0:1 and 6.4:1 in the CIA rats at weeks 4 and 6, respectively, while the RANKL:OPG expression ratio in the control group was 1.0:2 (Fig. 6) . Table I . Sequences and expected fragment sizes of synthetic oligonucleotides used for the reverse transcription-polymerase chain reaction.
Gene
Primer The mRNA expression levels of CTR peaked 4 weeks after immunization, and at weeks 2 and 6 they were significantly higher than the levels in the synovium of non-immunized rats (Fig. 7) . Mirroring the increase in the number of osteoclasts, the level of CTR mRNA in the CTR-positive osteoclasts on the trabecular bone surface was 10.9-and 7.8-fold higher in rats with CIA at weeks 4 and 6 after challenge, respectively, than that in the control rats (Fig. 8) .
Discussion
This study is the first, to the best of our knowledge, to demonstrate the changes in CTR-positive osteoclastic cells that develop in the mandibular cartilage of the TMJ during the progression of autoimmune inflammatory joint disease in the rat CIA model. The fact that the multinucleated cells found within erosive pits are osteoclasts can be confirmed by their expression of CTR. This finding in CIA is consistent with the findings in human RA (21) , which suggests that CTR expression can be consistently found in rheumatoid tissues; osteoclasts readily form within these tissues, and this indicates that the expression of CTR is associated with the later stages of osteoclast differentiation. Bone erosion has been demonstrated to be correlated with CTR expression in long-term cultures of bone marrow, and CTR expression is considered to be a reliable marker in vitro and in vivo for the osteoclast phenotype (8) .
Among the models of RA, the CIA model, which exhibits numerous morphological similarities to human RA, including pannus formation, patterns of synovitis and cartilage and bone erosion, has been the most widely studied; however, external clinical signs of erythema and induration in TMJ arthritis are generally not evident. These findings are in contrast to those of CIA of the knee joint, where swelling and erythema are frequently observed and used to grade the severity of arthritis (22, 23) . The fact that TMJ swelling is rarely observed, in contrast to swelling of the knee joint, is likely due to the fact that the inflammatory exudate is able to be distributed into anatomical spaces medial, posterior and anterior to the TMJ, thus causing less external swelling.
From the observation of animal models, it has been suggested that RANKL plays a pivotal role in osteoclast generation and in the subsequent bone erosion in inflammatory arthritis (24) . The present study clearly demonstrated a significant increase in RANKL levels and an increase in OPG levels in the TMJ of the CIA rats. It was found that the RANKL:OPG ratio was 9.0:1 and 6.4:1 in the CIA rats at weeks 4 and 6, respectively, which was considerably higher than the ratio in the control rats (1.0:2). These data therefore suggest a correlation between the RANKL:OPG expression ratio and the severity of RA in the TMJ. This finding is in agreement with the data of Geusens et al (15) , which demonstrated that the radiographic progression of the bone component of joint destruction was dependent on osteoclast activation (i.e., the OPG:RANKL ratio) in animal models of arthritis. The present data demonstrated that CIA is associated with an imbalance in the RANKL:OPG system that favors RANKL; this imbalance occurs both locally, in foci of bone metabolism, and in the systemic circulation. The RANKL:OPG ratio is significantly higher in more severe cases of RA. Such an imbalance has already been considered for the osteoclast cells that modify the human bone marrow environment and induce osteoclastogenesis (20) . With regard to the role of increased OPG in the affected TMJ, the marked increase of OPG in the synovial fluid may indicate that OPG contributes to the protection against further cartilage degradation or it may be reflective of a compensatory response by macrophages, chondrocytes or synovial fibroblasts to the destabilization of the normal balance between the degradation and synthesis of articular cartilage.
The RANKL:OPG expression ratio was significantly increased in the CIA rats compared with that in the control rats; as a result, there was an imbalance that favored RANKL and, therefore, bone resorption. We cannot, however, exclude the possibility of an alternative mechanism of osteoclast activation involving the release of growth factors from osteoblast-like or immune cells. In this way, the action of cytokines such as TNF-α and IL-1β on bone cells would be independent of RANKL and would result in the RANK-and OPG-independent modulation of osteoclast activity (25) . In the present study, the serum levels of TNF-α and IL-1β during the acute phase were found to be at increased levels; these cytokines have been found to be associated with inflammatory diseases such as RA that produce localized bone loss (18, 26) . A positive correlation was noted between all the inflammatory cytokines and RANKL, as well as CTR, the marker for osteoclasts, which indicated that these cytokines were involved in the differentiation of osteoclasts.
The present study has provided the first evidence, to the best of our knowledge, that the focal bone destruction occurring in experimental TMJ arthritis is attributable to cells exhibiting defining characteristics of osteoclasts, including CTR expression. The RANKL and OPG mRNA expression within the inflamed synovium has given an insight into the mechanism underlying the differentiation and function of osteoclasts at the sites of bone erosion in arthritis. OPG and/or agents targeting RANKL should be considered as novel therapeutic strategies to attenuate the bone loss and internal derangement of the TMJ in RA.
